6-Benzoylaminopurine (BOAP) inhibits succinate oxidation at the level of complex II (succinate-ubiquinone reductase) in the respiratory chain of plant mitochondria. In order to identify its site of action, the effects of BOAP on mitochondrial membranes of potato tubers were studied using electron paramagnetic resonance (EPR), and compared to those of thenoyltrifluoroacetone (TTFA), an inhibitor of complex II. Under aerobic conditions, BOAP induced no change in the EPR signal of the Fe-S center S-3 of succinate dehydrogenase (SDH), unlike TTFA which decreased the height and modified the spectrum of the signal. In the presence of ferricyanide (FeCN), BOAP weakly enhanced the S-3 signal whereas TTFA changed only its shape but not its height. Under anaerobic conditions, center S-l was completely reduced in the presence of BOAP, while in the presence of TTFA center S-l was less reduced than in the control, and the center S-3 signal was not different from that under aerobic conditions. Reoxidation of anaerobic preparations was obtained by O 2 or FeCN addition. Oxygen was ineffective as an oxidant in the presence of either inhibitor, but a partial reoxidation of center S-3 was obtained with FeCN in the presence of BOAP. These observations point to two different sites for TTFA and BOAP. Both inhibitors act on the O 2 side of center S-3, BOAP interfering with the environment of the Fe-S cluster of S-3, while TTFA would act on the cluster itself.
Cytokinins and other adenine derivatives can specifically interact with the electron transport chain of plant and animal mitochondria (Miller 1980 , Roussaux et al. 1986 ). In plants, the cyanide-insensitive electron transport pathway is inhibited by the synthetic cytokinin 6-benzyladenine (Dizengremel et al. 1982) , while other adenine derivatives exert a specific inhibitory effect on the cyanide-sensitive Abbreviations: AA, antimycin A; BOAP, 6-benzoylaminopurine; DCPIP, 2,6-dichlorophenol-indophenol; EPR, electron paramagnetic resonance; FeCN, potassium ferricyanide; HiPIP, high potential iron-protein; PMS, phenazine methosulfate; SDH, succinate dehydrogenase; TTFA, thenoyltrifluoroacetone. electron transport pathway (Roussaux et al. 1986 ). Thus, alkylaminopurines (-CH 2 -AP) such as benzyladenine or kinetin selectively inhibit the NADH-ubiquinone reductase (complex I) activity of the respiratory chain. On the contrary, acylaminopurines (-CO-AP) such as 6-benzoylaminopurine (BOAP) act on the succinate-ubiquinone reductase segment (complex II).
The mammalian and bacterial succinate dehydrogenases (SDH) are composed of two subunits: a 70-kDa flavoprotein which contains FAD, and a 30-kDa ironsulfur protein (Hederstedt and Ohnishi 1992) . In addition, two smaller polypeptides anchor the SDH to the mitochondrial inner membrane, making up the whole succinate-ubiquinone oxidoreductase system (complex II). Three Fe-S clusters have been detected by EPR in complex II of mammalian mitochondria. Both centers S-l (2Fe-2S) and S-2 (4Fe-4S) exhibit an EPR spectrum of rhombic symmetry in their reduced form around g=1.94 , Ohnishi et al. 1976a . The third one, center S-3 (3Fe-4S), of the high potential type (HiPIP), is nearly isotropic and EPR-detectable at g = 2.01 in its oxidized form only (Ohnishi et al. 1976b) . Centers S-l and S-3 are succinate-reducible whereas center S-2 can be reduced by dithionite only. These Fe-S clusters are probably all located in the 30 kDa subunit (Hederstedt and Ohnishi 1992) .
The SDH inhibitor thenoyltrifluoroacetone (TTFA) is a chelator for transition metals, and it has been suggested that its effect is due to the chelation of Fe (Nelson et al. 1971) . However, other chelators have generally no effect on iron-sulfur proteins (Malkin 1973, Ulvik and Romslo 1975) . Moreover TTFA (and the competitive inhibitors carboxamides) could also interfere with center S-3 by modifying its environment (Mowery et al. 1976 (Mowery et al. , 1977 . EPR studies have shown that inhibition by TTFA is due to a perturbation of the interaction between center S-3 of SDH and ubisemiquinones, the inhibitor quenching the ubiquinone signal completely Ohnishi 1977, Salerno and Ohnishi 1980) . Finally, experiments with labelled carboxin derivatives have identified the TTFA and carboxin site of action to the O 2 side of SDH (Coles et al. 1978) . This site includes SDH together with the small polypeptides of complex II and even lipids (Coles et al. 1978 , Ramsay et al. 1981 .
In plant mitochondria complex II has not been isolated (Maeshima et al. 1987) , and SDH has been much less studied. However, the composition of plant SDH is similar to that of mammalian mitochondria (Burke et al. 1982) . The existence of three Fe-S centers has also been established with characteristics similar to those of mammalian mitochondria (Moore et al. 1976 , Rich et al. 1977b , Rich and Bonner 1978a . TTFA inhibits plant SDH, although much higher concentrations are required (Rich et al. 1977a) .
In a previous paper on potato tuber mitochondria (Roussaux and Chauveau 1993) , a comparative kinetic study of BOAP and TTFA inhibition on various complex II activities has shown that BOAP is competitive with respect to phenazine methosulfate (PMS), whereas TTFA and PMS, or TTFA and BOAP, interact in a noncompetitive manner. These results suggest that the site of action of BOAP is located on SDH, close to that of TTFA and different from it. In order to identify the inhibition sites of BOAP and TTFA more precisely, the effects of both inhibitors on centers S-3 and S-l have been determined by EPR spectroscopy.
Materials and Methods
Potato tuber (Solanum tuberosum L., cv. Bintje) mitochondria were isolated according to Dizengremel and Lance (1976) and purified on a 26% Percoll density gradient (Moreau and Romani 1982) . The membrane fraction was obtained by freezing at -30°C overnight, thawing, and centrifugation at 150,000xg for 1 h. The pellet was resuspended in 15 mM mono-potassium and di-sodium phosphate (pH 7.3) containing 1 mM EDTA to a final concentration of about 25 mg protein ml" 1 . EPR experiments were performed with a Varian 102 spectrometer, at 9.26 GHz with a microwave power in the range of 0.1-1 mW to prevent signal saturation. The modulation frequency was 100 kHz and the modulation field 0.2 mT (2 Gauss). The first derivative of the absorption spectrum was recorded as a function of the applied magnetic field in the range 0-0.1 T. The temperature of the samples was controlled with a variable temperature cryostat (Oxford Instruments) and measured with a gold iron/ chromel thermocouple. The samples (about 3 mg protein in 200 n\) maintained at 4°C were placed in a quartz tube (3 mm in diameter) and rapidly frozen at 13 K, directly in the cryostat. The different experimental procedures are specified in the text or figure legends (see Fig. 1 ).
O2 consumption was measured at 4°C with an oxygen electrode (Hansatech) in 15 mM phosphate (pH 7.3) in the presence of 100 mM succinate. Succinate-Cyt c, succinate-ferricyanide and succinate-ubiquinone/DCPIP reductase activities were measured spectrophotometrically at 25°C in 5 mM phosphate (pH 7.3) as previously described (Roussaux and Chauveau 1993) . The ubiquinone used was decylubiquinone (Sigma) with DCPIP as the ultimate electron acceptor. The ubiquinol-Cyt c reductase activity was measured under the same conditions as succinate-Cyt c reductase activity with decylubiquinone reduced by dithionite (100/iM) as substrate instead of succinate. TTFA and BOAP were dissolved in dimethylsulfoxide and antimycin A (AA) in ethanol. The solvents at the volumes added (less than 20 ft\) had no effect on the EPR signals and enzyme activities. Protein was determined by the Bradford method according to Fanger (1987) .
Results
Oxidation states of mitochondrial preparations-The redox state of mitochondrial membranes (just before freezing at 13 K) is of a primary importance for EPR spectrum interpretation. Methodological restraints require a large amount of mitochondrial protein (2-3 mg) be present in a small volume (150-200^1) of suspending medium, so that anaerobiosis occurs quickly. Therefore the changes of O2 concentration in the samples were measured with an O 2 electrode under conditions mimicking those used for EPR spectrum recording ( The membranes were stirred under air at 4°C for 8 min to make fully aerobic conditions (saturating O 2 concentration at 4°C: 390^M) before being transferred to the O 2 electrode chamber thermostated at the same temperature. Succinate was then added. The inhibitors were added to the sample 3 min prior to succinate. In the absence of succinate O 2 consumption by the mitochondrial membranes was very small (Fig. 1, curve a) , corresponding to the O 2 electrode drift and to the oxidation of endogenous substrates. In the presence of succinate, the O 2 concentration decreased rapidly ( Fig. 1, curve b) , anaerobiosis being usually reached within 5 min. When the inhibitors were present (Fig. 1 , curves c, d), O 2 consumption markedly slowed down, and anaerobiosis was attained only 30 min after succinate addition.
Freezing at 13 K instanteanously stopped all reactions and took place 1.5 to 2.0 min after succinate addition, the time necessary for sample transfer to the EPR tube and its insertion into the cryostat (Fig. 1 , vertical grey area). Under these conditions, the membranes in the presence of inhibitors were fully aerobic (85-90% O 2 saturation at 4°C), while those in the absence of inhibitors were still 5 to 10% O 2 saturated. In practice, full anaerobiosis was obtained by letting the samples stand in the EPR tubes (with no stirring) for 10 min for the conditions without inhibitors, and 30 min for those in the presence of inhibitors.
Behavior of center S-3 in relation with O 2 concentration in the medium-As expected, in an aerobic medium with no succinate (Fig. 2a, dashed line) , a signal of the HiPlP-type was obtained at g = 2.018 and was maximal at around 13 K (Rich and Bonner 1978a) . This signal was attributed to oxidized center S-3, because aconitase, which gives another HiPIP-type signal, had been removed with the matrix during membrane preparation (Ruzicka and Beinert 1978) . Under conditions of non-saturating microwave power, the signal was symmetric.
Succinate addition 1.5-2.0 min prior to freezing induced only a slight decrease of the signal (Fig. 2a, solid line) though the medium oxygenation was only 5-10% (Fig. 1) . If freezing was delayed for 3-4 min after succinate addition, the S-3 signal decreased (Fig. 2b) . Full anaerobiosis, however, was necessary in order to observe a signal of rhombic symmetry at 13 K (Fig. 2c, solid line) and more clearly at 30 K (Fig. 2c, dotted line) . The signals at g z -2.025, g y = 1.935 and g x = 1.915 are usually attributed to reduced center S-l . A shoulder at g = 2.018, overlapping the S-l signal, could be attibuted to center S-3, not totally reduced in plant mitochondria (Rich and Bonner 1978a) . Moreover a free radical signal could be observed at g=2.003. Its extent was variable depending on the membrane preparations, but it was constantly enhanced by the reduction of the membranes.
Effect of TTFA and BOAP on EPR spectra under aerobic conditions-When aerobic conditions were maintained (Fig. 3A, solid lines) , addition of TTFA induced a decrease in the size of the S-3 signal and a change in its shape, which became asymmetric, despite an O 2 concentration in medium higher than in the control with succinate (Fig. 1) . On the contrary, BOAP did not modify the signal.
If after the addition of inhibitors and succinate, the membranes were left for about 30 min in the EPR tube to reach anaerobiosis (Fig. 3A, dotted lines) , the S-3 signal remained nearly the same in the TTFA-treated membranes. It almost disappeared in the control with succinate as well as in the BOAP-treated sample, and with the appearance of the signal of reduced center S-l (Fig. 2) . Moreover, when the membranes were incubated with both inhibitors, the spectrum obtained was the same as with TTFA alone, whatever the order of inhibitor addition (not shown).
When the membranes were maintained in an oxidized state by the addition of ferricyanide (FeCN) without stirring and in the presence of succinate (Fig. 3B) , BOAP weakly enhanced the S-3 signal with respect to the control with succinate, which became similar to that of the control without succinate. By comparison with the control with succinate, TTFA changed only the shape of the signal but not its intensity. These changes in the behavior of center S-3 in the presence of the inhibitors and FeCN were small, yet reproducible.
Effect of BOAP or TTFA on EPR spectra under anaerobic conditions-As shown in Fig. 2c , anaerobic succinatereduced membranes showed the characteristic spectrum of the SDH center S-l (g z =2.025, g y = 1.935, g x = 1.915) (Fig. 4A, B, solid lines) . A peak at g = 2.018, particularly evident at 13 K indicated that center S-3 was not fully reduced. A signal at g = 2.003, attributed to free radicals, was also present.
In the presence of TTFA, the spectrum observed at 13 K (Fig. 4C, solid line) was similar in amplitude and shape to that obtained with the oxidized membranes (Fig. 3) . Nevertheless a signal at g= 1.935 and 1.915 indicated that the center S-l signal was also present. Recorded at 30 K (Fig. 4D, solid line) , the S-l center appeared to be less reduced as compared to the control. On the contrary, at 13 K in the presence of BOAP a small signal of center S-3 at g= 2.018 overlapped the signal of center S-l, as in the control (Fig. 4E, solid line) . The same spectrum recorded at 30 K (Fig. 4F, solid line) showed an almost complete reduction of center S-l.
Effect of TTFA and BOAP under reoxidation conditions-The reoxidation of reduced membranes was assayed with O 2 (Fig. 4, dashed lines) or FeCN (Fig. 4, dotted  lines) . Both compounds were able to reoxidize complex II (Fig.4A, B) . The signal of center S-3 was then enhanced, and that of center S-l abolished. In the presence of TTFA (Fig. 4C, D) , the centers S-l and S-3 were not reoxidized by O 2 . On the contrary, FeCN was able to reoxidize center S-1, but did not increase the oxidation of center S-3. In the presence of BOAP (Fig. 4E, F) , the reoxidation by O 2 was impossible for both centers, but FeCN allowed the reoxidation of center S-l and, to some extent, that of center S-3.
Inhibition ofreductase activities-Structurally damaged plant mitochondria (as is the case here as a result of freezing and thawing) become freely permeable to FeCN. Therefore, FeCN would accept electrons from succinate at two sites: at the level of SDH in complex II, and at the level of Cyt c, after complex III (Fig. 5) . The first activity, which involves only complex II, is not sensitive to AA, while the second one, which involves the linear sequence complex II + complex III, is strongly sensitive to AA. Both activities of AA-sensitive and AA-insensitive succinate-FeCN reductases could be measured on our mitochondrial membranes. cinate-ubiquinone reductase ( = complex II) and ubiquinolCyt c reductase (=complex III) were also measured (Table   1) .
Apparently, on the succinate-FeCN and succinate-Cyt c reductase activities (complex 11 +complex III), BOAP exerts an effect similar to that of AA. However, since BOAP has no action on the ubiquinol-Cyt c reductase (=complex III, the site of AA inhibition) and on the AA-insensitive succinate-FeCN reductase, but a strong effect on the succinate-ubiquinone reductase (Table 1) , its site of action has to be located on complex II, after a site of diversion of the electrons towards FeCN (Fig. 5) .
The effect of TTFA is more complex than that of BOAP (Table 1) . It inhibits strongly the electron flow from succinate to FeCN as BOAP does, but to a larger extent (70% versus 49%). Moreover, when AA is present, the part of electrons which is diverted to FeCN (AA-insensitive succinate-FeCN reductase) is inhibited to the extent of 39%, whereas BOAP has no effect.
From the experiments of Table 1 one could conclude that BOAP has one site of inhibition close to, or identical with, that of TTFA, on the main electron transport pathway to O 2 , and that TTFA has an additional site of inhibition on an alternative path to FeCN. These observations Percent inhibition by BOAP and TTFA in bold type (parentheses) refer to the control conditions, those in standard type [brackets] refer to the controls without antimycin A (AA). AA was added to measure the succinate-ubiquinone (DCPIP) reductase activity (cf. Fig. 5 ).
are summarized in Fig. 5 .
Discussion
In aerobic mitochondrial membranes of potato tuber the EPR signal of the SDH iron-sulfur center S-3 was easily detected at low temperature (13 K). Its characteristics were the same as in other plant or mammalian mitochondria, with a nearly symmetrical signal at g = 2.018 (Ohnishi et al. 1976a, Rich and Bonner 1978a, b) . Characteristically, center S-3 was reducible by succinate. The electron flow from succinate did not markedly diminish the signal, even when the O 2 concentration was reduced by 90-95%. Complete anaerobiosis was required to maximally reduce S-3 center, but complete reduction was not observed, as did Rich and Bonner (1978a) . A S-l center, similar to that of mammalian mitochondria , Ohnishi et al. 1976b , Ohnishi and King 1978 was detectable, but only under strictly anaerobic conditions. Center S-2, not reducible by succinate but only by dithionite , Ohnishi et al. 1976b , never appeared in the EPR spectra under our experimental conditions. A free-radical signal, at g=2.003 also was present, which has been commonly attributed to spin-coupled ubisemiquinone radicals (Ruzicka et al. 1975 ). This signal was variable depending on the membranes. Sometimes it was absent in the oxidized EPR spectra, which might be ascribed to a lack of quinone forms in the membrane preparations.
In aerobic membranes with succinate, TTFA markedly reduced the size of the center S-3 signal in comparison with the control (Fig. 3) . This can be inferred by raising electron flow through this center since TTFA stops the electron transfer to the quinones as in mammalian mitochondria Ohnishi 1977, Coles et al. 1978) . Succinate oxidation by potato mitochondria, however, is only about 80% inhibited by TTFA (Roussaux and Chauveau 1993) , which explains why the electron flow from succinate did not totally abolish the signal of center S-3. Even at full anaerobiosis, only a partial reduction of center S-l was observed (Fig. 4) , and the S-3 spectrum with TTFA was always half-reduced in aerobiosis or anaerobiosis (Fig. 3,  4) . Thus, in plant mitochondria TTFA prevents the complete reduction of center S-3 under anaerobiosis, in contrast to mammalian complex II where center S-3 is almost totally reduced (Ackrell et al. 1977b) . A possible explanation might be that TTFA could induce a shift of S-3 midpoint potential (Ingledew and Ohnishi 1977) , resulting in a more oxidized state compared to the control. Another explanation may arise from the work of Rich and Bonner (1978a) suggesting that a part of center S-3 may not be physiologically active in plant mitochondria.
In the presence of TTFA (Fig. 4C, D ) the reoxidation by O 2 (mediated through endogenous quinones) did not occur. When FeCN was used, center S-l was reoxidized. Such results are in agreement with those of Ackrell et al. (1977b) , obtained on isolated complex II after inhibition by carboxin or TTFA. By contrast to these results, the reoxidation of center S-3 by FeCN did not occur in potato mitochondrial membranes. This could be related with the inhibition by TTFA of the AA-insensitive succinate-FeCN reductase activity (Table 1, Fig. 5 ) and with a possible by-pass from center S-l to FeCN when center S-3 is partially inhibited (Fig. 6) . Another explanation would be that FeCN oxidizes center S-l directly, and that TTFA inhibits center S-l in such a way that it prevents the reoxidation of center S-3 with FeCN. Thus TTFA would interfere with the SDH at two sites: on the O 2 side of center S-3 to prevent its reoxidation by O 2 and on the O 2 side of S-l (or the substrate side of S-3) to prevent the reoxidation of S-3 by FeCN (Fig. 6) .
Nevertheless the relative inertia of center S-3 under various redox conditions and the asymmetry of the EPR signal (Fig. 3) the center itself. In mammalian mitochondria TTFA (or carboxamides) would not act by binding directly to center S-3 but by changing its proteic environment (Mowery et al. 1977) in such a way that its reoxidation is prevented by quinones but not by FeCN (Ackrell et al. 1977b , Keon et al. 1994 . In plant mitochondria, where O 2 (via quinones) and also FeCN are unable to reoxidize center S-3 in the presence of TTFA, the environment of the center could be disturbed to a greater extent. Center S-3 could become unable to accept or to yield electrons, which would explain both the reoxidation of center S-1 and the non-reoxidation of center S-3 with FeCN. Addition of BOAP to aerobic mitochondrial membranes did not modify the center S-3 signal by comparison with the control (Fig. 3A) . The slight increase of the g = 2.018 signal in the presence of FeCN, by comparison with the succinate control, may be a result of a diversion of electrons to FeCN through center S-1 (Fig. 3B) . Under anaerobic conditions (Fig. 4E, F) , BOAP induced a reduction of both centers S-1 and S-3, as in the control with succinate (Fig. 4A, B) . Therefore, BOAP does not affect the behavior of the centers S-1 and S-3, and its site of action may be localized on the O 2 side of the SDH, as also suggested by the results of Table 1 . Such a localization agrees well with the reoxidation data since the reoxidation of the Fe clusters with O 2 was completely prevented by BOAP, and that FeCN restored the center S-3 signal to a lesser extent than in the control and abolished that of center S-1.
From these results, it thus appears that both BOAP and TTFA interfere with the O 2 side of the SDH, at the level of center S-3. Then arises the question of the existence of a unique site for both inhibitors or of two separate sites. The data of the present study do not allow any answer to this question. However, results from other experiments give a clue to the probable existence of two different sites of inhibition. Contrary to the AA-insensitive succinate-FeCN reductase activity, the succinate-PMS activity is partly sensitive to BOAP, and this compound is competitive with respect to PMS (Roussaux and Chauveau 1993) . This suggests that the inhibition site of BOAP could be identical with the binding site of PMS to SDH. Although the site where PMS accepts electrons from SDH is not well denned (Ackrell et al. 1977a , Mowery et al. 1976 , it could be close to center S-3 at the quinone level (Rossi et al. 1970) . On the other hand, the noncompetitive interaction between BOAP and TTFA (Roussaux and Chauveau 1993) , which reminds one of the noncompetitive PMS/TTFA interaction in mitochondrial membranes not depleted of quinone (Nelson et al. 1971 , Mowery et al. 1977 , points to the existence of a site of action for TTFA, different from that of BOAP.
The last problem to consider is the mode of action of BOAP and TTFA. With TTFA, the EPR signal of center S-3 is modified in shape and becomes asymmetrical. This is not the case with BOAP, which modified only the magnitude of the signal. Therefore one would suggest that TTFA modifies the conformation of the Fe cluster more intensively than does BOAP. At this level, BOAP might act as an electron sink, since other aryladenines such as cytokinins have this property (Leshem 1984) . All these observations have been summarized in Fig. 6 .
